Introduction
============

Bacterial infections are among the leading causes of death in the world, posting challenges to our health care systems, from prevention needs to treatment methods in hospital settings and food and water supplies, and to the global public health in general.[@b1-ijn-13-8025],[@b2-ijn-13-8025] While antibiotics are the most common treatments for these infections, the prevention and control of the transmission/spread of bacterial pathogens before infections occur are equally important. Many physicochemical methods, such as using traditional disinfectants and antiseptic techniques, are widely used in hospital and other settings for inactivating infectious pathogens. However, despite existing remedies, the increasing number of infections has caused alarms in public health, which has motivated a global search/exploration on novel alternative antimicrobial agents/methods based on new emerging technologies. Among the new technologies, alternative therapeutic strategies with action mechanisms different from traditional antibiotics and with less chance of inducing bacterial drug resistance, such as nanotechnology, micromotor technology, and photodynamic therapy (PDT),[@b3-ijn-13-8025],[@b4-ijn-13-8025] have attracted a great interest.

The newly developed carbon-based nanomaterials commonly referred to as carbon dots (CDots) have demonstrated their great potential as a new class of photoactivated antimicrobial agents. Unlike traditional nanoscale semiconductors-based photosensitizers, which typically require ultraviolet light for activation, CDots can readily be activated by visible light, thus considerably expanding the antimicrobial application to a much broader range, virtually to wherever accessible by household light/natural ambient light. CDots are small carbon nanoparticles of an average diameter of \>10 nm that are functionalized with organic molecules such as those containing amino groups for effective surface passivation.[@b5-ijn-13-8025] Due to their biocompatibility and low toxicity in vitro and in vivo, CDots have been widely pursued for a broad range of promising biological applications, including biosensors, gene transmission, drug delivery, and fluorescence labeling.[@b6-ijn-13-8025] It is known that the optical absorption of CDots is associated with π-plasmon transitions in the core carbon nanoparticles of the dots, while the fluorescence emissions over the visible to near-infrared spectral region are attributed to photogenerated electrons and holes trapped at diverse surface sites and their associated radiative recombinations.[@b7-ijn-13-8025],[@b8-ijn-13-8025] These optical properties of CDots afford them with strong photodynamic effects,[@b9-ijn-13-8025],[@b10-ijn-13-8025] which have been used to kill cancer cells[@b11-ijn-13-8025] and bacterial cells under visible light illumination.[@b12-ijn-13-8025] Obviously, the photoactivated antimicrobial activity of CDots is mechanistically related to the photoinduced redox processes in CDots.[@b12-ijn-13-8025] In principle, upon the photoexcitation of CDots to induce the expected efficient charge transfer and separation, the electron--hole pairs thus formed, and the emissive excited states from their radiative recombinations could be associated with both the strong photodynamic effects and the formation of reactive oxygen species (ROS) for the observed killing of cancer cells and bacterial cells.

As related in terms of photodynamic effects, PDT is a technique that combines a nontoxic dye, namely, a photosensitizer (PS), and low-intensity visible light to produce cytotoxic species in the presence of oxygen.[@b13-ijn-13-8025] Under light illumination, the PS is excited to produce radicals and/or ROS, which kill target cells. PDT has received a considerable attention over decades as a therapy for a large variety of localized infections.[@b14-ijn-13-8025] The increasing popularity of this treatment method is largely due to its selectivity: only tissues that are simultaneously exposed to the PS, light, and oxygen are the ones subjected to the cytotoxic reactions during PDT.[@b15-ijn-13-8025] Thus, under ideal conditions, only diseased tissues are eradicated, leaving the surrounding healthy cells undamaged.[@b15-ijn-13-8025] Methylene blue (MB) and toluidine blue (TB) are phenothiazine-derived PS molecules commonly used in PDT and are considered safe on humans.[@b16-ijn-13-8025] PDT provides significant advantages over many other existing antimicrobial therapies, showing effectiveness against antibiotic-resistant pathogenic bacteria,[@b14-ijn-13-8025] as it is equally effective to kill multi-antibiotic-resistant strains as naїve strains, and that bacteria cannot readily develop resistance to PDT.[@b13-ijn-13-8025] However, PDT does not always guarantee full success as it exerts lethal effects only in cells that have taken up a sufficient amount of PS and have been exposed to adequate light doses, but such conditions are not always achieved.[@b3-ijn-13-8025] In addition, while the use of high concentrations of PS can improve the antimicrobial effects, it may increase the risk to cause side effects and harm to human health or may pose environmental safety issues if they are improperly disposed into the environment.

To overcome these issues and to achieve the high antimicrobial effects without using too high concentrations of PS, a feasible strategy is to combine two different PS drugs or one PS drug with another antimicrobial agent, especially in the case of the two components having synergistic interactions. Our previous study found that when CDots were combined with H~2~O~2~, a synergistic antimicrobial effect on *Escherichia coli* cells was achieved,[@b4-ijn-13-8025] and as control, the combination of CDots with Na~2~CO~3~ or AcOH did not show any synergistic effects.[@b4-ijn-13-8025] The purpose of the present study was to investigate whether the combination of photoactivated CDots with the commonly used PS dyes MB and TB could achieve a synergistic effect on the inactivation of laboratory model bacteria -- *E. coli* cells under visible light illumination. Various factors influencing the antimicrobial effects were considered and evaluated, and the results and their relevance to mechanistic exploration are highlighted and discussed.

Materials and methods
=====================

2,2′-(ethylenedioxy)bis(ethylamine) (EDA)-CDots synthesis
---------------------------------------------------------

EDA-CDots were synthesized following the procedure described in the previous publication.[@b17-ijn-13-8025] Briefly, commercially acquired carbon nanopowders from US Research Nanomaterials, Inc., Houston, TX, USA (2 g) were refluxed in aqueous nitric acid (8M, 200 mL) for 48 hours, followed by centrifugation at 1,000 *g* to discard the supernatant. The pellet was suspended in deionized water (DI-H~2~O), dialyzed in a membrane tubing (molecular weight cutoff \~500) against freshwater for 48 hours, and then centrifuged at 1,000 *g* to keep the supernatant, from which carbon nanoparticles were recovered upon the removal of water. The recovered carbon nanoparticles were refluxed in neat thionyl chloride for 12 hours, followed by the removal of excess thionyl chloride. The treated sample was mixed with carefully dried EDA (Sigma-Aldrich Co., St Louis, MO, USA) in a flask, heated to 120°C, and vigorously stirred under nitrogen protection for 3 days. The reaction mixture was cooled to room temperature, dispersed in water, and then centrifuged at 20,000 *g*. The supernatant was collected and dialyzed in a membrane tubing against freshwater to remove unreacted EDA and other small molecular species to obtain the EDA-CDots as an aqueous solution. The dot sample was characterized by using nuclear magnetic resonance, atomic force microscopy, transmission electron microscopy (TEM), and optical spectroscopy methods.[@b18-ijn-13-8025] The EDA-CDots were spherical nanoparticles of sizes averaging 4--5 nm in diameter. The other sample characteristics were the same as those reported in a previously published paper.[@b18-ijn-13-8025] The fluorescence quantum yield of the EDA-CDots was determined using the established relative method, namely by using a known fluorescence standard such that the absorbance values of the sample and standard are matched at the excitation wavelength and their corresponding fluorescence intensity integrations are compared. The fluorescence quantum yield of the EDA-CDots used in this study was 12% (400 nm excitation, in reference to 9,10-bis(phenylethynyl)anthracene as a fluorescence standard).

Bacterial cell treatment with CDots alone and in combination with TB or MB
--------------------------------------------------------------------------

Overnight-grown *E. coli* cells were washed twice with PBS and then suspended in PBS buffer. The treatments were performed in 96-well plates. The cells at a concentration of \~1.0×10^6^/mL were treated with CDots, MB, or TB alone or with the combination of CDots/MB or CDots/TB at various desired concentrations in the wells with a total volume of 150 μL. The plate was placed on a shaker with constant shaking under a 36-W white light bulb (10 cm above the plate) or in the dark for 1 hour.

Cell viability assessment
-------------------------

After the treatments, the viable cell numbers in the treated samples and controls were determined using the traditional plating method. Briefly, the cell samples were one-tenth serially diluted in PBS, and 100 μL of appropriate dilutions was surface-plated on Lysogeny Broth (LB) agar plates. After 18-hour incubation at 37°C, the colonies were counted, and the viable cell numbers were calculated as colony-forming units per milliliter (CFU/mL). Viable cell number reductions in the treated samples were obtained by comparing with the viable cell number in the controls.

Bacteria growth and fractional inhibitory concentration (FIC) index determination by a broth checkerboard method
----------------------------------------------------------------------------------------------------------------

To investigate whether there were synergistic antimicrobial interactions between CDots and MB or TB, a broth microdilution checkerboard method was used to examine bacterial growth and calculate FIC indexes.[@b19-ijn-13-8025]--[@b21-ijn-13-8025] By using the CDots/MB combination as an example, the experiment was carried out as follows. In a 96-well plate, aliquots of 100 μL of *E. coli* cells in PBS (\~1×10^5^/mL) were added to all the wells. CDots and MB solutions were then added to achieve twofold serial dilutions along the ordinate and abscissa of the plate, respectively. The final volume in each well was adjusted to 150 μL with DI-H~2~O. The resulting checkerboard contained various combinations of CDots and MB. Duplicate plates were used in this study. The plates were exposed to light for 1 hour, followed by incubation at 37°C for 19 hours. OD~595~ values were measured before and after incubation by using SpectraMax M5 multidetection reader (Molecular Devices LLC, Sunnyvale, CA, USA). The increase in optical density at 595 nm (OD~595~ value) after incubation indicated bacterial growth. The same procedure was used for the experiments of CDots/TB treatments on *E. coli* cells.

The minimal inhibitory concentration (MIC) of each reagent was defined as the lowest concentration that completely inhibited the bacterial growth. The FIC index (ΣFIC) was calculated by using the following equation: ΣFIC = FIC of agent A + FIC of agent B, where FIC of agent A = (MIC of agent A in combination)/(MIC of agent A alone), and FIC of agent B = (MIC of agent B in combination)/(MIC of agent B alone). The interaction between the two combined agents was determined by the resulting ΣFIC values as follows: ΣFIC ≤0.5 indicates synergy, 0.5\< ΣFIC ≤0.75 indicates partial synergy, 0.75\< ΣFIC ≤1.0 indicates additive, 1.0\< ΣFIC \<4.0 indicates indifference, and ΣFIC ≥4.0 indicates antagonism.[@b20-ijn-13-8025],[@b22-ijn-13-8025],[@b23-ijn-13-8025]

Isobologram analysis for synergistic effect
-------------------------------------------

To graphically visualize the interactions of CDots and MB or TB on bacterial treatment, an isobologram was plotted by using the FIC values on the x--y coordinate, in which the concentrations of CDots and MB or TB were used in the x-axis and y-axis, respectively. The MIC value of each reagent alone was joined by a line on the graph. The MIC values in the CDots/MB or CDots/TB combinations were also plotted and joined by another line. The relative position of the two lines was used to determine the interaction between CDots and MB or TB. An interaction is considered synergistic if the line of the combined reagents' MICs lies below the line of individual MICs, while the interaction is antagonistic if the line of the combined reagents' MICs lies above the line of individual MICs. When the two lines are at the same position, the reagents are considered as with no interaction.[@b23-ijn-13-8025],[@b24-ijn-13-8025]

Intracellular ROS measurement
-----------------------------

The experimental design for the intracellular ROS tests was the same as the one for cell viability assessment, except that the ROS tests were performed in 0.85% NaCl solution instead of PBS. The cells were treated with 5 μg/mL CDots combined with various concentrations of MB or TB or with MB or TB alone under visible light for 1 hour. After the treatments, the cells were collected in 1.5-mL centrifuge tubes, followed by centrifugation at 8,800 rpm for 7 minutes to remove the reaction reagents. Aliquot of 320 μL of 10 μM dihydrorhodamine 123 (DHR 123) was then added to each tube. DHR 123 is a probe widely used to detect several reactive species. DHR is oxidized to rhodamine 123 which is highly fluorescent around 536 nm when excited at about 500 nm. After the addition of DHR 123, the tubes were vigorously vortexed and incubated at the room temperature for 40 minutes. After centrifugation, supernatant removal, and a rinse with 0.85% NaCl, the cells were resuspended in 320 μL 0.85% NaCl solution. The fluorescence (excitation/emission, 500/535 nm) of each sample was measured using the SpectraMax M5 microplate reader. The increased fluorescence at 535 nm in CDots-treated samples compared with the controls indicated the generation of ROS by CDots treatments.

TEM imaging
-----------

Untreated and treated cells were examined by TEM imaging. To prepare cell samples for TEM, overnight-grown *E. coli* cells were washed twice with PBS and then treated with 5 μg/mL CDots alone, 0.1 μg/mL TB or MB alone, or the combination of 5 μg/mL CDots with 0.1 μg/mL TB or MB, with the illumination of the light-emitting diode light for 1 hour. The cells were then collected by the removal of supernatant after centrifugation, followed by a fixation step using 2% glutaraldehyde and 3.7% formaldehyde at 4°C overnight. After removing the fixative solution, the samples were washed three times with DI-H~2~O and suspended in 200 μL DI-H~2~O. A drop of 5 μL of each sample was placed on a formvar/carbon TEM grid (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 minutes. All the grids were gently wicked to remove the excess fluid using filter paper. TEM images were acquired using a FEI Tecnai™ G2 Twin TEM (Hillsboro, OR, USA) in the Shared Materials Instrumentation Facility at Duke University.

Statistical analyses
--------------------

All microbial tests were performed three to five times. Statistical analyses were performed by using the general linear model procedure of the SAS System 9.2 (SAS Institute Inc., Cary, NC, USA). A significant difference was considered at *P*\<0.05.

Results and discussion
======================

Antibacterial effects of CDots in combination with MB or TB
-----------------------------------------------------------

[Figure 1A](#f1-ijn-13-8025){ref-type="fig"} shows the antimicrobial effects of EDA-CDots alone on *E. coli* cells, when the cells were treated with 2.5, 25, 100, and 300 μg/mL EDA-CDots for 1 hour under visible light illumination or in the dark. Obviously, when the concentration of CDots was low (2.5 μg/mL), no antimicrobial effect was observed either with light or in the dark. However, EDA-CDots exhibited considerably effective antibacterial activity under visible light illumination when the dot concentrations increased to 25, 100, and 300 μg/mL, achieving viable cell number reductions of 1.92, 2.67, and 3.53 log, respectively, while treatments in the dark with the same concentrations of EDA-CDots resulted in no substantial antibacterial effect (\<0.5 log), reaffirming CDots' visible light-activated antimicrobial activity as found in previous studies.[@b12-ijn-13-8025]

[Figure 1B](#f1-ijn-13-8025){ref-type="fig"} shows the antibacterial effects of MB alone and in combination with CDots under visible light illumination on *E. coli* cells. MB is an effective PS. In the action of its photoactivated antimicrobial activity, MB is accumulated in the cells. The subsequent exposure of MB-filled cells to visible light of the appropriate wavelength excites MB and contributes to the generation of singlet oxygen and other ROS, leading to oxidative damage and cell death.[@b25-ijn-13-8025] As shown in [Figure 1B](#f1-ijn-13-8025){ref-type="fig"}, while the treatment with 0.25 μg/mL MB alone did not perceivably kill *E. coli* cells, the treatments with MB at higher concentrations of 0.5 and 1 μg/mL significantly killed *E. coli* cells (*P*\<0.05), achieving viable cell reductions by 0.33 and 1.86 log, respectively. However, the treatments with MB at these concentrations combined with 5 μg/mL CDots significantly enhanced the antibacterial efficiency, even though 5 μg/mL CDots alone at this treatment condition exhibited no antimicrobial effect. As shown in [Figure 1B](#f1-ijn-13-8025){ref-type="fig"}, the MB/CDots combination treatments resulted in the viable cell number reductions of \~0.5, 3.1, and 6.2 log. Especially, the MB/CDots combination treatments at the MB concentration of 0.5 and 1 μg/mL enhanced the antibacterial activity to 2.8 log and 4.4 log, respectively, compared with the corresponding treatments with MB alone. Noticeably, the combination treatment with 1 μg/mL MB/5 μg/mL CDots completely inactivated the cells in the samples.

TB is a cationic phenothiazine dye that has been well studied as an antibacterial PS and has been demonstrated to be safe to normal human tissues and cells.[@b26-ijn-13-8025] Its mechanism of antimicrobial function is similar to MB, producing free radicals and singlet oxygen, resulting in bacterial cell membrane and DNA damage. TB with PDT has been proven to be effective to kill both community-associated methicillin-resistant *Staphylococcus aureus* (MRSA) and health care-associated MRSA and has been considered as a potential method for the treatment of drug-resistant bacterial infections.[@b27-ijn-13-8025] Here, we examined the photoactivated antimicrobial effects of TB alone and CDots/TB on *E. coli* cells. [Figure 1C](#f1-ijn-13-8025){ref-type="fig"} showed the antibacterial effect of TB alone and the combination of TB with 5 μg/mL CDots. The results showed similar patterns as those of MB and MB/CDots combinations. With the treatment of TB alone, 1 μg/mL TB started to exhibit its antibacterial effect, with 1-hour treatment under visible light resulting in \~2.4 log reduction of viable *E. coli* cells, while TB at concentrations \<1 μg/mL did not kill cells at the given condition. In the combination treatments, the presence of 5 μg/mL CDots significantly improved the overall antimicrobial effects (*P*\<0.05), such as the combinations with 0.5 and 1 μg/mL TB under 1-hour light illumination resulting iñ1.3 and \~6.3 log viable cell reduction, respectively ([Figure 1C](#f1-ijn-13-8025){ref-type="fig"}). Especially, the combination of 1 μg/mL TB with 5 μg/mL CDots actually led to a complete inactivation of the cells in the samples (\~6.3 log), which increased the viable cell reduction by 3.9 log compared with the TB treatment alone (\~2.4 log). In a separated experiment with another CDots/TB combination, CDots at the concentration of 25 μg/mL combined with 0.25 μg/mL TB under the light also achieved a complete inactivation of the cells in the samples (\~6.3 log). These observations suggested that TB and CDots also had significant synergistic antimicrobial effects.

Synergistic antimicrobial effects between CDots and MB or TB using the broth microdilution checkerboard method
--------------------------------------------------------------------------------------------------------------

To further confirm the synergistic antimicrobial interactions between CDots and MB or TB observed in plating tests, the broth microdilution checkerboard method was used to examine the inhibition of the growth of *E. coli* cells treated by CDots, MB, and TB individually and by their combinations, in terms of measuring OD value changes after overnight incubation (\~19 hours). The MICs of CDots, MB, and TB obtained in the checkerboard method were used to calculate the FIC indexes. It is worth to note that the treatments in the checkerboard method were performed in LB broth, different from the abovementioned experiments performed in PBS for viable cell determination. Nevertheless, both tests served the same purpose of examining the synergistic effects between CDots and MB or TB. Using MB and CDots/MB treatments as an example, [Table 1](#t1-ijn-13-8025){ref-type="table"} shows the experimental setup and growth measurement in the checkerboard test for treatments with MB alone at concentrations of 0.5, 1, 2, 4, 8, 16, and 32 μg/mL, CDots alone at concentrations of 2.5, 5, 10, 20, 40, 80, and 160 μg/mL, and the CDots/MB combinations at different concentrations. Cell growth was indicated by the measured OD values, and no growth was indicated by "--" symbol. As shown in [Table 1](#t1-ijn-13-8025){ref-type="table"}, the MICs of MB and CDots in the broth were 32 and 160 μg/mL, respectively. The MICs of the CDots/MB combinations, which completely inhibited the growth of *E. coli* cells, were 2.5/16, 40/8, and 80/4 (CDots/MB, μg/mL). These MICs were used to calculate the FIC index.

[Table 2](#t2-ijn-13-8025){ref-type="table"} shows the calculated FIC index, which further confirmed the synergistic or partial synergistic relation in the CDots/MB combination treatments. The combination of 8 μg/mL MB with 40 μg/mL CDots had the FIC index value of 0.5, which indicated the synergistic effect between the two components. The FIC index values of the other CDots/MB combinations were ranging from 0.51 to 0.63, indicating partial synergistic interactions between MB and CDots.

The synergistic effect of CDots/MB combination on *E. coli* cells was also proved by isobologram analysis ([Figure 2](#f2-ijn-13-8025){ref-type="fig"}), where the line of MICs in CDots/MB combination lies below the line of MICs from MB and CDots treatment alone, indicating the synergistic relations between MB and CDots. The interactions between TB and CDots at different concentration combinations were similar to those between MB and CDots based on the results from the broth microdilution checker-board method, also indicating synergistic relations.

Both MB and TB have been reported to exhibit synergistic or additive interactions when combining with other PS drugs or nanoparticles in PDT treatments to various cells. For example, the combination treatment of MB and cadmium telluride (CdTe) quantum dots under light improved the cell killing efficiency on HepG2 and HeLa cancerous cells compared with the treatment by MB or CdTe quantum dots alone.[@b28-ijn-13-8025] Giroldo et al[@b29-ijn-13-8025] reported that MB treatment with laser (684 nm) on Candida albicans also increased the cells' membrane permeabilization, which could be related to damages in the plasma membranes of the cells. Similarly, synergistic or additive interactions in the combinations with other PS drugs or nanoparticles in PDT treatments were often achieved. For example, Barra et al[@b3-ijn-13-8025] employed the combination of antibiotic gentamicin and 5-aminolevulinic acid, which is a prodrug and can be converted into the natural PS protoporphyrin IX, to treat biofilms by PDT. Their results showed that the combination treatment was effective to reduce 20% of the cell viabilities of the strong resistant *S. aureus* bacteria in biofilms, displaying higher antimicrobial efficacies than the treatment by gentamicin alone. Tian et al[@b30-ijn-13-8025] loaded a PS drug, Chlorin e6 (Ce6), onto polyethylene glycol (PEG)-functionalized graphene oxide (GO) via supramolecular π--π stacking. The obtained GO--PEG--Ce6 complex exhibited excellent water solubility and the capability to generate cytotoxic singlet oxygen under light excitation for PDT and remarkably improved photodynamic destruction effect on cancer cells compared with the use of free Ce6 only.[@b30-ijn-13-8025]

In the case of CDots/MB combinations, the synergistic effect must be a result from mutual enhancement between the two components. At one side, it was possible that MB increased bacterial cell membrane permeabilization, leading to more CDots accumulation in the cells, as the enhanced permeability of cancer cells by PS drugs leading to the leaky tumor vasculature and poor lymphatic drainage or tumor tissues was reported.[@b31-ijn-13-8025],[@b32-ijn-13-8025] On the other side, the presence of CDots might also increase MB uptake into bacterial cells by increasing MB's solubility, as there were studies suggesting that some nanomaterials could significantly enhance the solubility of PS drugs in water through hydrophilic properties or as a carrier, thus increasing their cellular uptake.[@b31-ijn-13-8025] It is known that ionic dyes tend to form aggregates in diluted solutions, resulting in dimer formation and further affecting their coloristic and photophysical properties.[@b33-ijn-13-8025] In the case of CDots/MB, the presence of CDots might reduce the tendency of MB aggregation and increase its solubility. In summary, among the possible mechanisms of synergistic antimicrobial interactions of MB and CDots are the following: 1) With the presence of MB, CDots could penetrate bacteria more easily and play antimicrobial roles in the cells that suffered damages of intracellular enzymes due to the oxidative stress induced by MB; 2) CDots might increase the solubility of MB and lead to more MB accumulation in cells for enhanced photodynamic effects; and 3) the combination of MB and CDots could increase the ROS production in cells, as observed in the ROS test below.

Intracellular ROS production upon CDots/MB or CDots/TB treatment
----------------------------------------------------------------

As it is widely accepted that photosensitizers act through the generation of ROS to kill cells, we further examined the intracellular ROS generation in the treatments with CDots, MB, or TB individually and the combination of CDots/MB or CDots/TB. [Figure 3A](#f3-ijn-13-8025){ref-type="fig"} shows the ROS generation by 5 μg/mL CDots alone and MB alone at concentrations of 0.5, 1, and 2.5 μg/mL, as well as the combinations of 5 μg/mL CDots with MB at each concentration. The cells treated with 5 μg/mL CDots alone showed no significant difference (*P*\>0.05) in ROS production, compared with the untreated control samples. It is most likely that CDots had a low ^1^O~2~ quantum yield at the concentration used, which is not surprising as many semiconductor quantum dots have a low ROS generation efficiency.[@b34-ijn-13-8025] For example, graphene quantum dots passivated with PEG derivatives could generate ^1^O2 upon irradiation with blue light, but with a quantum yield.[@b35-ijn-13-8025] Other studies reported that cadmium selenide (CdSe) quantum dots with 65% emission quantum yield had only 5% ^1^O~2~ generation quantum yield, whereas silicon Pc (Pc4) PS had a ^1^O~2~ generation efficiency of 43%.[@b15-ijn-13-8025],[@b36-ijn-13-8025] In this study, the ROS productions in the cells by MB treatments were efficient and significantly increased (*P*\<0.05) with increasing MB concentrations ([Figure 3A](#f3-ijn-13-8025){ref-type="fig"}). When the MB concentration was increased from 0.5 to 1 and to 2.5 μg/mL, the net fluorescence intensity signals for the detection of ROS (subtract the background, 35.3) were 55.7, 139.6, and 337.4, respectively. However, the ROS productions in the cells upon CDots/MB treatments were significantly higher than those by MB alone at the corresponding MB concentrations (*P*\<0.05), with the corresponding net fluorescence intensity signal for the ROS detection of 137.7, 237.9, and 492.9, respectively. The results indicated that the presence of 5 μg/mL CDots in the CDots/MB combination treatments of cells significantly increased the intracellular ROS production (*P*\<0.05), most likely associated with the synergistic interactions between CDots and MB discussed above.

The ROS tests were also performed on *E. coli* cells treated with TB alone and the CDots/TB combination ([Figure 3B](#f3-ijn-13-8025){ref-type="fig"}). The results showed a similar pattern to that in the comparison between the MB alone and the CDots/MB combination, with again the CDots/TB treatments being significantly more efficient for ROS production in the cells compared with the treatments of TB alone (*P*\<0.05). For example, the fluorescence intensity for the detection of ROS in cell in the treatment with 2.5 μg/mL TB was 218.2, while the fluorescence signal increased to 355.2 in the treatment with CDots/TB. The increases in ROS generation by the combination treatments again indicated that CDots improved the activities of MB and TB during the light treatment.

Among the three possible mechanisms discussed above for the observed synergistic effects, the one based on significant increases in the intracellular ROS production is likely associated with excited state energy transfers between CDots and MB or TB, more specifically due to the overlap between the optical absorbance spectrum of the dye PS and the emission spectrum of the CDots. Similar effects in other PS--fluorescent nanomaterials combinations have been reported and discussed in the literature.[@b15-ijn-13-8025],[@b37-ijn-13-8025],[@b38-ijn-13-8025] For example, Samia et al[@b15-ijn-13-8025] studied the interaction between CdSe quantum dots and Pc4 PS. Their results indicated that Pc4 could be directly activated at the excitation wavelengths between 550 and 630 nm. In the conjugates of CdSe quantum dots with Pc4, the excitation of CdSe quantum dots at 488 nm to yield emissions centered at 682 nm to be absorbed by Pc4, namely, that CdSe quantum dots in the conjugates facilitated indirect excitation of Pc4 via energy transfers, in addition to the direct excitation, for enhanced ROS generation.[@b15-ijn-13-8025] Martynenko et al[@b38-ijn-13-8025] produced stable water-soluble complexes of zinc selenide/zinc sulfide quantum dots with Ce6 and found that the complexes had \~50% intracomplex fluorescence resonance energy transfer from the quantum dots to Ce6, leading to significantly enhanced PDT effects on cancer cells. Other studies demonstrated that scintillation nanoparticles such as LaF~3~:Tb^3+^ could be used to activate photosensitizers to generate ^1^O~2~ through energy transfers from the donor LaF3:Tb3^+^ to the acceptor PS.[@b37-ijn-13-8025] The CDots/MB and CDots/TB in this study are conceptually and likely mechanistically similar to the quantum dots/PS systems, such that the EDA-CDots as energy donor could effectively absorb blue--green light for broad fluorescence emissions across the visible spectrum, which could be coupled with the absorption of the acceptor MB or TB in the treatments of the cells. The net results were thus more effective photon-harvesting by MB and TB for higher ROS productions, combined with the other two possible synergistic effect mechanisms, for the killing of bacterial cells.

TEM imaging
-----------

[Figure 4](#f4-ijn-13-8025){ref-type="fig"} shows the TEM images of untreated *E. coli* cells and the cells treated with CDots, TB, MB alone and those treated with the combination of CDots with MB or TB. The images indicated that the untreated cells were typically rod-shaped with intact cell walls, while all treated cells were thinner than and not as full as the untreated ones. While the cells treated with CDots alone only had slight changes in their morphologies, the cells after treated with TB or MB alone or combined with 5 μg/mL CDots changed their morphologies significantly, and cell sizes were smaller than that of the untreated cells. However, ultrastructural alterations in the treated cells were unable to be examined by these images, and high-resolution thin-slice section TEM imaging and other analytical assays for oxidative damage that impair the structure and function of the cell membrane would be necessary for further study of CDots and the combination treatment action mechanisms.

Conclusion
==========

The reported study demonstrated that the combination of CDots with MB or TB resulted in synergistic antimicrobial effects under visible light illumination, namely, that CDots at a given concentration did not exhibit antimicrobial effects on *E. coli* cells, nor did they generate detectable intracellular ROS, but their combination with the PS MB or TB exhibited potent antimicrobial activities against *E. coli* cells, which were not found either with MB or with TB alone at the corresponding concentrations. The obviously significant synergistic effects could be attributed to the mutual interactions between the two components that enhance the actions of each component. The observed synergistic effects could also be correlated with the significantly increased intracellular ROS productions in the *E. coli* cells in the CDots/MB or CDots/TB combination treatments. The combination treatments with the major synergistic effects may represent a feasible strategy for enhanced antibacterial activities in treating bacterial infections or environmental samples.
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![(**A**) Log10 of viable *E. coli* cell numbers after CDots treatment under the light or in the dark. (**B**) Log10 of viable *E. coli* cell numbers after 1-hour treatment with different concentrations of MB alone (0.25--1 μg/mL) and in combination with 5 μg/mL CDots under light illumination. (**C**) Log10 of viable *E. coli* cell numbers after 1-hour treatment with different concentrations of TB alone (0.25--1 μg/mL) and in combination with 5 μg/mL CDots under light illumination.\
**Notes:** Different letters above the bars for each concentration indicate statistical differences (*P*\<0.05); identical letters above the bars indicate no statistical difference.\
**Abbreviations:** *E. coli*, *Escherichia coli*; MB, methylene blue; TB, toluidine blue; CDots, carbon quantum dots.](ijn-13-8025Fig1){#f1-ijn-13-8025}

![Isobologram on the interaction between CDots and MB against *E. coli* cells.\
**Abbreviations:** CDots, carbon quantum dots; *E. coli*, *Escherichia coli*; MB, methylene blue.](ijn-13-8025Fig2){#f2-ijn-13-8025}

![Fluorescence intensities from ROS produced by *E. coli* cells after 1-hour treatment with MB (**A**) or TB (**B**), or combined with 5 μg/mL CDots under visible light illumination.\
**Notes:** Different letters above the bars for each concentration indicate statistical differences (*P*\<0.05); identical letters above the bars indicate no statistical difference.\
**Abbreviations:** CDots, carbon quantum dots; *E. coli*, *Escherichia coli*; MB, methylene blue; ROS, reactive oxygen species; TB, toluidine blue.](ijn-13-8025Fig3){#f3-ijn-13-8025}

![TEM images of *E. coli* cells untreated (**A**) or treated with 5 μg/mL CDots alone (**B**), 0.1 μg/mL TB alone (**C**), 0.1 μg/mL MB alone (**D**), the combination of 0.1 μg/mL TB and 5 μg/mL CDots (**E**), and the combination of 0.1 μg/mL MB and 5 μg/mL CDots (**F**).\
**Abbreviations:** CDots, carbon quantum dots; *E. coli*, *Escherichia coli*; MB, methylene blue; TB, toluidine blue; TEM, transmission electron microscopy.](ijn-13-8025Fig4){#f4-ijn-13-8025}

###### 

Growths of *E. coli* cells in the checkerboard test of CDots/MB by measuring OD value increases at 595 nm after 19-hour incubation at 37°C

  MB concentration (μg/mL)          0      0.5    1      2      4      8      16     32
  --------------------------------- ------ ------ ------ ------ ------ ------ ------ ----
                                                                                     
  **CDots concentration (µg/mL)**                                                    
  0                                 0.42   0.40   0.35   0.32   0.31   0.28   0.23   --
  2.5                               0.38   0.32   0.31   0.27   0.24   0.22   --     --
  5                                 0.36   0.31   0.29   0.28   0.23   0.20   --     --
  10                                0.37   0.34   0.34   0.31   0.25   0.19   --     --
  20                                0.33   0.32   0.32   0.31   0.26   0.16   --     --
  40                                0.31   0.31   0.30   0.28   0.26   --     --     --
  80                                0.30   0.28   0.31   0.30   --     --     --     --
  160                               --     --     --     --     --     --     --     --

**Note:** Symbol "--" means no growth.

**Abbreviations:** CDots, carbon quantum dots; *E. coli*, *Escherichia coli*; MB, methylene blue.

###### 

FIC index of the combination treatments and the interactions between MB and CDots in different concentration combinations of CDots/MB

  CDots concentration (µg/mL)   MB concentration (µg/mL)   FIC index   Interpretation
  ----------------------------- -------------------------- ----------- -------------------
                                                                       
  0                             32                                     MIC of MB
  2.5                           16                         0.51        Partial synergism
  5                             16                         0.53        Partial synergism
  10                            16                         0.56        Partial synergism
  20                            16                         0.63        Partial synergism
  40                            8                          0.5         Synergism
  80                            4                          0.63        Partial synergism
  160                           0                                      MIC of CDots

**Abbreviations:** CDots, carbon quantum dots; FIC, fractional inhibitory concentration; MB, methylene blue; MIC, minimal inhibitory concentration.
